Obesity is a major health concern in modern societies. Although decreased physical activity and enhanced intake of high-caloric foods are important risk factors for developing obesity, human behavior during eating also plays a role. Previous studies have shown that distraction while eating increases food intake and leads to impaired processing of food stimuli. As olfaction is the most important sense involved in flavor perception, we used functional magnetic resonance imaging techniques to investigate the influence of cognitive memory load on olfactory perception and processing. Low-and high-caloric food odors were presented in combination with either low or high cognitive loads utilizing a memory task. The efficacy of the memory task was verified by a decrease in participant recall accuracy and an increase in skin conductance response during high cognitive load. Our behavioral data reveal a diminished perceived intensity for low-but not highcaloric food odors during high cognitive load. For low-caloric food odors, bilateral orbitofrontal (OFC) and piriform cortices (pirC) showed significantly lower activity during high compared with low cognitive load. For high-caloric food odors, a similar effect was established in pirC, but not in OFC. Insula activity correlates with higher intensity ratings found during the low cognitive load condition. We conclude lower activity in pirC and OFC to be responsible for diminished intensity perception, comparable to results in olfactory impaired patients and elderly. Further studies should investigate the influence of olfactory/gustatory intensities on food choices under distraction with special regards to low-caloric food.
Introduction
Obesity is a worldwide problem. In 2014, over 1.9 billion adults were overweight and over 600 million of these were obese (http:// www.who.int/mediacentre/factsheets/fs311/en/). The modern western diet consists of a high percentage of processed and high-caloric food (Okreglicka 2015) and an excessive consumption of soft drinks (Bradley 2012) . In addition to high-energy food, the environment and habits surrounding food consumption has changed over the last decades and an additional decline in physical activity has become evident. The time people spend in front of a screen (PC, television [TV] , tablet, computer, and mobile phone) at work and in their leisure time renders such relevance that "screen time" (Wilkie et al. 2016) and "television time" (Laurson et al. 2015 ) are used as valuable obesity risk evaluation tools.
To understand flavor perception and consequential food choice more precisely, the multisensory nature of the processing of food has to be acknowledged (Small and Prescott 2005) . Food perception in humans is a multimodal process, during which different sensory input such as taste and olfaction are integrated to enable a holistic and unique perception (Verhagen and Engelen 2006 ). Olfaction appears to play a more important role during flavor perception than taste (Murphy et al. 1977; Spence 2015) and a wider variety of odors can be discriminated than tastes (Bushdid et al. 2014) . Furthermore, odors can change the quality of gustatory stimuli and vice versa, thereby affecting flavor perception (Schifferstein and Verlegh 1996; Stevenson et al. 1999; Dalton et al. 2000; Djordjevic et al. 2004; Prescott et al. 2004) . Various studies have specifically focused on taste and eating behavior while subjects were distracted by everyday situations. These studies provided evidence that food intake increases when people watch TV while eating (Bellisle et al. 2004; Blass et al. 2006; Ogden et al. 2013; Braude and Stevenson 2014) . It was shown that watching TV changes sensory-specific satiety resulting in an increased food intake to achieve the same state of satiety (Braude and Stevenson 2014) . The amount of the additional food and calorie intake is equivalent to nearly one extra meal per day (Stroebele and de Castro 2004) . This emphasizes the importance to attend to and focus on food intake, which demands cognitive capacity (Ogden et al. 2013 ). The tendency to compensate reduced taste capabilities with an increased amount of food was shown to be even stronger when participants watched TV during eating on a regular basis, suggesting long-term alteration of food intake behavior (Braude and Stevenson 2014) . This same effect was previously established in preschool children, as well. When children ate while watching TV, their food intake was increased (Francis and Birch 2006) . Rather than have participants watch TV, van der Wal and van Dillen (2013) used a memory task to induce cognitive load. The task, based on the paradigm of Sternberg (1966) , required the participants to memorize either digits or consonants (low cognitive load: 1 digit/consonant; high cognitive load: 7 digits/consonants). Cognitive load induced by this task significantly decreased intensity perception of different tastes and further led the subjects to choose higher concentrations of taste solutions as compensation for the lower perceived taste intensity.
Based on this experiment, we aimed to investigate whether cognitive load could alter olfactory perception in a similar fashion. Our hypothesis was to find comparable results for olfaction, with decreased odor intensity ratings under high compared with low cognitive load due to the strong connection between the 2 chemosensory modalities of taste and olfaction (Small and Prescott 2005) . To associate our findings in olfaction with taste, we selected only odors resembling food products. The chosen food odors were representative of typical snacks categorized as either healthy (low-caloric) or unhealthy (high-caloric) foods. Since high-caloric, especially salty and sweet foods, are preferred because of the brain's reward system and demands (Berridge 1996) and the fact that sensory processing is affected by limited attentional resources (Yantis 2000) , we expect to see a decrease in low-but not high-caloric food odor perception under high compared with low cognitive load. In addition to behavioral changes under differing cognitive load, we were also interested in psychophysical changes. Mental stress and cognitive load are known to induce autonomic physiological changes in humans (Jacobs et al. 1994; Shimomura et al. 2008 ) which can be detected using skin conductance (SC) recording and analysis of skin conductance response (SCR) (Lazarus et al. 1963; Notarius and Levenson 1979; Shimomura et al. 2008) . In our experiment, we used the SCR data to verify the efficiency of the induced high cognitive load condition in accordance to a study using frequency domain analysis (Shimomura et al. 2008) . We expect to see increased SCR values after high compared with low cognitive load stimulation, verifying the effectiveness of our cognitive load induction.
Additionally, we were interested in the neuronal processes underlying the behavioral effect assumed for odor perception during high compared with low cognitive load. Therefore, participants performed the entire experiment in a magnetic resonance imaging (MRI) scanner and functional MR images were acquired. There are several brain areas involved in olfaction. The sensory neurons of the olfactory epithelium in the nose are bundled and form glomeruli in the olfactory bulb, from which neurons run to the piriform cortex (pirC), amygdala, and entorhinal cortex (known as secondary olfactory areas) and then further to the neocortical regions of the orbitofrontal cortex (OFC), agranular insula, hypothalamus, and hippocampus (known as tertiary areas) (Freiherr et al. 2013; Albrecht and Wiesmann 2006; Lehn et al. 2013; Moessnang and Freiherr 2012) , with an additional possible transthalamic pathway through the mediodorsal part of the thalamus (Savic et al. 2000; Zald and Pardo 2000; Gottfried 2010; Keller 2011; Lundström et al. 2011) . Odor detection, intensity processing and evaluation are mainly located in the pirC and insula (Savic et al. 2000; Rolls 2008; Lundström et al. 2011; Seubert et al. 2013a ). The OFC is associated with olfactory sensitivity (Seubert et al. 2013b) , odor valence coding (Anderson et al. 2003) and conscious odor perception (Li et al. 2010 ). Because we used an odor intensity evaluation task in our study, we focused on bilateral changes of activation in the pirC, OFC, and insula in relation to cognitive load.
As outlined above, we expect a negative influence of high cognitive load on odor intensity perception on the behavioral level, and aim to establish the underlying neuronal correlates in the olfactory areas. Research has shown that a decrease in the performance on olfactory screening tasks correlates with decreased activation in olfactory areas (Suzuki et al. 2001; Wang et al. 2005) , in particularly, in piriform and entorhinal cortices, as well as amygdala (Cerf-Ducastel and Murphy 2003) . Further, decreased intensity perception ratings of taste stimuli appear in concert with reduced OFC activity of olfactory impaired patients (Gagnon et al. 2014) . We expect to see a negative influence of high cognitive load on those areas related to odor processing, especially the OFC, during lowcompared to high-caloric food odor perception in a top-down manner (Kveraga et al. 2007 ).
Materials and methods

Participants
This study was approved by the RWTH Aachen University Medical Faculty local ethics board and conforms to the ethical standards of the World Medical Association Declaration of Helsinki. All participants signed a written informed consent form before being tested. In total, 20 self-reported right-handed, physically healthy, nonsmokers (10 females, mean (M) age = 25.2 years; standard deviation (SD) = 3.8 years; range = 19-33 years) within healthy BMI ranges (M = 21.84 kg/m 2 ; SD = 1.61 kg/m 2 ; range = 19.47-24.93 kg/m 2 ) were tested with no exclusions. Normosmia in all participants was confirmed using the olfactory identification test MONEX-40 ) which evaluates the sense of smell using a 4-alternative, forced-choice identification task with 40 common odors (M = 32.4; SD = 3.12; range = 27-38, cutoff value 27). In the SCR analysis, 3 participants were excluded due to technical problems in SCR data acquisition, as well as one additional exclusion due to noise in the data which interfered with the experimental frequency despite bandpass filtering. Therefore, we included 16 of our 20 participants in the SCR data analysis (6 females, M = 25.7 years; SD = 3.7 years; range = 19-33 years; MONEX-40; M = 31.94; SD = 3.03; range = 27-38). The subjective perception of healthiness, caloric content, and edibility of odors was evaluated in an additional 20 participants (13 female, M = 26.7 years, SD = 6.7 years).
The Beck Depression Inventory (Beck et al. 1996) , the Brief Symptom Inventory (BSI) (Derogatis and Melisaratos 1983) and the Montreal Cognitive Assessment (Nasreddine et al. 2005) were performed to control for neurological and psychological disorders and cognitive impairments. All participants fulfilled the common inclusion criteria for healthy subjects (Beck Depression Inventory < 11, BSI inclusion was based on the age and gender based SCL-90-R norm values with t-values >60 in less than 3 scales and a Global Severity Index < 60, Montreal Cognitive Assessment ≥ 26/30).
Participants were instructed to not eat or drink anything besides water for at least 1 h prior to the test.
Olfactory stimulation
Due to the influence of respiration on SCR data (Wallin et al. 1998) , we used a respiration-triggered olfactory stimulation method (RETROS) (Hoffmann-Hensel and Freiherr 2016) to prevent the influence of cued sniffing on SCR data. Olfactory stimulation was conducted via RETROS using the PowerLab 8/35 system (ADInstruments Ltd.), the respiration recording using the PowerLab device: Spirometer Pod ML311 (ADInstruments Ltd.) and the realtime odor-onset triggering using predefined functional magnetic resonance imaging (fMRI) respiration parameters (Hoffmann-Hensel and Freiherr 2016) . Respiration parameters for odor application were tube-length adapted, as described in the referred study. Odors were applied to both nostrils with a continuous air flow (3.0 L per minute) using a computer-controlled olfactometer, wherein the odor solutions were contained in glass jars (Lundstrom et al. 2010) . Four different odors were applied, and propylene glycol (PG) was used as a no-odor stimulus, as well as to maintain an odorless air flow between trials.
To better compare our findings regarding the sense of smell to the sense of taste, we chose 2 different categories of food odors: healthy (=low-caloric) and unhealthy (=high-caloric) food odors. For each category, 2 different odors were presented in a pseudorandomized order with no immediate repetitions to prevent habituation and adaptation throughout the experimental block. We selected commonly known odorants, representing common in-between meals or snack foods. Each odorant was assigned a caloric value (calories per 100 g) corresponding to the associated food item as according to United States Department of Agriculture USDA Food Composition Database (https://ndb.nal.usda.gov). The low-caloric food odors included "orange" (Givaudan UK Ltd; orange oil brasil, 75% in diethyl phthalate (DEP); 49 kcal/100 g) and "apple" (Givaudan UK Ltd; apple AB2786K, 12.5% in PG; 52 kcal/100 g). The high-caloric food odors included "chocolate" (Givaudan UK Ltd; choco noir 1130 TEC/3, 12.5% in PG; 529 kcal/100 g) and "caramel" (Givaudan UK Ltd, caramel lactone 1% TEC, 20% in DEP; 438 kcal/100 g). The odor concentrations were adjusted to provide equal odor intensities. The odor interstimulus interval (ISI) was consistently held longer than 8 s (M = 16.96 s; SD = 3.98 s), which is the interval needed to prevent habituation (Hummel et al. 1996) .
Odor qualities
Odor intensity and pleasantness were tested by applying the odors and the no-odor condition separately for a duration of 2 s in accordance with the main test using RETROS. Participants used a 100-point scale for rating the odors from not noticeable to intense, as well as from unpleasant to pleasant. This was conducted after the main test, once separately for intensity and once for pleasantness, resulting in a repetition of 2 times per odor. The perceived healthiness, caloric content, and edibility were evaluated accordingly by presenting the odors in glass jars under participants' noses and they rated on a 100-point scale (unhealthy to healthy, low-to high-caloric content, and inedible to edible).
Experimental design
The experiment was carried out using E-Prime 2.0 (Psychology Software Tools, Inc.) (Schneider et al. 2002) in the MRI scanner within an event-related design. The experimental tasks were presented on a screen (Nordic Neuro Lab 40″ 4K UHD Inroom Viewing Device, Nordic Neuro Lab AS), which was visible to participants via a mirror while lying in the MRI scanner. Participants submitted responses using a MRI-compatible keyboard containing 3 buttons operated with the participant's right hand. To investigate the influence of cognitive load on odor perception, we presented different consonant combinations (Figure 1 ). The subject's task was to memorize the presented consonant combination for later recall. Low cognitive load, equaling a no cognitive load or control condition, was induced by presenting one consonant, whereas for high cognitive load, a 7-consonant combination was presented (Sternberg 1966; van der Wal and van Dillen 2013) . RETROS functioned as a jitter, forcing E-Prime to wait for the respiration trigger signal from PowerLab after consonant presentation (jitter: M = 2.14 s; SD = 2.82 s) before starting the odor/no-odor application with a duration of 2 s. While waiting for the RETROS trigger and during odor application, participants saw an empty white screen providing no visual information about when the odor was present. Odor application was followed by a white screen lasting for 3 s, then consecutively followed by a forced-choice task during which participants had to select one of 3 consonant combinations (recall task). At the end of each trial, participants had to evaluate the intensity of the perceived odor on a visual analog scale from "not perceivable" (0) to "very intensely perceivable" (100).
Each odor category (low/high caloric or no-odor) was applied 8 times for each cognitive load condition (high/low) in one experimental block. After a break of 5 min, the experimental block was repeated, totaling in 16 repetitions for each odor-cognitive load combination per participant and a total trial amount of 96 repetitions. The average duration of one experimental block was 13.76 min (SD = 1.31 min; range = 11.73-17.6 min).
SCR and sniff size data acquisition
SCR and sniff size data acquisition were performed simultaneously by recording participants' SCR in µS and sniff size data in mV using the PowerLab 8/35 system, as used with RETROS. Two MRI compatible electrodes were positioned on the volar surface of participants' left index and ring fingers with electrode gel (Spectra 360 Electrode Gel, Parker Laboratories, Inc.) (PowerLab device: GSR Amp FE116, GSR Finger Electrodes MR safe MLT117F, ADInstruments Ltd.). Breathing data used in the generation of sniff size data were recorded using the PowerLab Spirometer Pod (PowerLab Spirometer Pod ML311) connected to a tube inserted into the specialized RETROS distributor (designed and built by colleagues at the RWTH Aachen University Medical Faculty scientific workshop). In this approach, the olfactometer and respiration tube endings are combined in the nosepieces, applying odors and collecting data simultaneously in both nostrils.
For each odor and consonant presentation, comment markers were sent in real-time via a parallel port connection from E-Prime to the PowerLab LabChart recording software during the experimental run to enable an odor-specific and cognitive load-specific extraction and analysis of the SCR and sniff size data. 
fMRI data acquisition
Statistical analysis of behavioral data
Statistical analysis of behavioral data was performed using SPSS 22 (IBM). Data were tested for normal distribution with the Kolmogorov-Smirnov test. The subjectively reported odor qualities of intensity and pleasantness were examined in a repeated-measures ANOVA with the within-subject factors "odor/category" (apple, orange, caramel, chocolate, no-odor, low-caloric, and high-caloric). The odor qualities of healthiness, caloric content, and edibility were tested using a repeated-measures ANOVA with the measures "healthiness," "caloric content," and "edibility" and the within-subject factor "odor category" (low-/high-caloric).
The influence of cognitive load on odor category intensity perception was tested using a 2 × 3 repeated measurement ANOVA with the 2 within-subject factors "cognitive load" (low compared with high) and "odor" (no-odor, low-caloric odor, and high-caloric odor).
To examine the accuracy of the cognitive load task, the percentage of correctly selected multiple choice answers concerning the memorized consonant combinations were extracted and the nonparametric Wilcoxon test was computed and median values reported. For all tests, the threshold was set to P < 0.05 and Bonferroni correction for multiple comparisons was applied for the ANOVAs. If necessary, sphericity violation was accounted for by reporting Greenhouse-Geisser corrected values.
Processing and statistical analysis of SCR and sniff size data
A new method for SCR data processing was established using frequency domain analysis and band-pass filtering of data (Shimomura et al. 2008) to diminish the noise generated by the MRI scanner in our SCR data. SCR data filtering was performed using simple Fourier transformation, applying 2048 data points and a hamming window (Shimomura et al. 2008) . We defined the oscillatory SCR component in our experiment to exhibit a duration of 10-30 s, which was in line with our ISI (M = 16.96 s; SD = 3.98 s). Thus, the band-pass filter was adjusted to include oscillations between 0.03 (low frequency) and 0.1 Hz (high frequency). Further, the filter removed the influence of respiration on SCR data, which occurs at a frequency of approximately 0.23-0.32 Hz (M = 16.6, SD = 2.8 breaths per minute; one respiratory cycle every 3.09-4.35 s (Tobin et al. 1983) . Additionally, the influence of the TR (2 s = 0.5 Hz) and the high frequency MRI scanner noise (Goldman et al. 2000) was removed using this filter.
The SCR data of the experimental blocks was extracted for low and high cognitive load. Therefore, the SCR mean value in the 2 s interval before and the maximum value in the 10 s interval after each consonant presentation were extracted separately in PowerLab's LabChart software. To normalize the SCR data from each participant, we used the mean value of the 2 s interval before each event of interest as the baseline value (Greenstein and Kassel 2010) and subtracted it from the maximum value of the 10 s interval after odor presentation. Sniff size data were extracted in a cognitive load dependent manner for the odor presentation intervals (orange, apple, chocolate, caramel, no-odor) as peak amplitudes (Yeomans and Prescott 2016) . Exemplary trial of the cognitive load testing paradigm. The effect of cognitive load on odor perception was tested using E-Prime while SCR was recorded simultaneously throughout the whole fMRI experiment. The task of the subject was to memorize the presented consonant or consonant combination, followed by consonant recall and odor intensity evaluation. Each trial started with the consonant combination presentation for 3 s. Low cognitive load was represented by a presentation of one consonant and high cognitive load by a presentation of 7 consonants. Using RETROS, the respective odor was presented for a duration of 2 s. Subsequently, the memorized consonants were recalled in a forced-choice task with 3 consonant combination suggestions, before the perceived odor intensity was evaluated on a visual analog scale. Both the answering of the forced-choice task and the rating of the odor intensity on the scale were performed using an MRI-compatible button-response device with 3 different buttons.
Statistical analysis of SCR and sniff size data was performed using SPSS 22 (IBM). Data were tested for normal distribution (Kolmogorov-Smirnov test). To confirm the used cognitive load conditions as low and high, the influence of cognitive load on SCR data was examined by performing a repeated-measures ANOVA with the within-subject factor "cognitive load" (low and high). The significance threshold was set to P < 0.05.
Processing and statistical analysis of fMRI data
Functional images were preprocessed and statistically analyzed with SPM12 (Statistical Parametric Mapping 12; www.fil.ion.ucl.ac.uk/ spm/). Preprocessing included slice timing correction with the middle slice selected as the reference slice. Realignment was performed to correct the images for participant head motion. The images of both experimental blocks were combined into one model including 2 sessions. Functional images were coregistered to anatomical images for each subject separately. Afterward, the coregistered images were segmented using the tissue probability map of European brains implemented in SPM12. This step includes estimated normalization parameters for the tissue probability maps, which were then applied to anatomical and functional data to spatially normalize them and thereby enable second level group analysis of our fMRI data in the same space. Finally, the normalized images were smoothed using a Gaussian kernel of 8 mm × 8 mm × 8 mm.
The first level factorial design model specification was performed including the onset times of the following 24 conditions: consonant presentation, odor application, answer to recall task, odor intensity rating, regarding no-odor, low-and high-caloric food odor, and low and high cognitive load. Additionally, the realignment parameters were added as regressors of no interest.
Group analysis of the fMRI data was performed by applying a second-level full-factorial GLM design for the time point of odor presentation and perception by using whole-brain contrasts. The factors used were "cognitive load" with 2 levels (low/high) and "odor category" with 3 levels (no-odor, low-, and high-caloric food odor). To present the main effect of odor, we contrasted odor with no-odor. The main effect of cognitive load was computed by contrasting low and high cognitive load. The interaction effects of cognitive load × odor category were computed as well. Additionally, a second-level multiple regression analysis was performed using participants' intensity ratings to investigate positive and negative correlations of behavioral and functional data during odor perception. The multiple regressions were ran independent of cognitive load by applying the intensity ratings to all conditions of low-and high-caloric food odors seperately, in addition to a general regression with all odor conditions. Activated brain areas were anatomically defined using the SPM Anatomy toolbox (Eickhoff et al. 2005) , the Atlas of the human brain (Mai et al. 2008) and MRIcron (Rorden et al. 2007 ).
Blood oxygen level dependent (BOLD) percent signal change of the second-level peak voxels (Jensen et al. 2003; Gottfried et al. 2004; Cheng et al. 2007 ) within the left and right pirC, OFC, and insula activation clusters were extracted from the first-level analyses based on the contrast odor (low and high cognitive load) versus noodor (low and high cognitive load). The statistical analysis of the extracted percent signal change data was performed using 2 × 3 repeated-measurement ANOVA's with the 2 factors "cognitive load" with 2 levels (low/high) and "odor category" with 3 levels (no-odor and low-caloric/high-caloric food odor) for each region in SPSS 22 (IBM). Bonferroni correction was applied for multiple comparisons and a significance level of P < 0.05 was assumed. In case of sphericity violation, Greenhouse-Geisser corrected values were reported.
Results
Odor qualities
We found a significant difference in intensity perception in association with odor category [F(6, 114) = 37.922; P < 0.001] with participants rating the various odors significantly more intense than the Participants rated the intensity, pleasantness, healthiness, caloric content, and edibility of each involved odorant on a 100-point scale (not noticeable to intense, unpleasant to pleasant, unhealthy to healthy, low-to high-caloric, inedible to edible). P, P-value; F, F statistic. *Significant result with P < 0.05.
no-odor (P < 0.001) ( Odor intensity perception differs between the cognitive load conditions (P = 0.025). The interaction effect shows a difference in odor intensity perception between low and high cognitive load. The perception of no-odor (P = 0.002) and low-caloric odors (P < 0.001) is significantly altered under low versus high cognitive load, whereas it does not change for the high-caloric odors (P = 0.561) (Figure 2A ). Low-caloric food odors were rated less intense after high cognitive load (M = 70.34; SD = 14.65) compared to low cognitive load (M = 73.22; SD = 14.05). Cognitive load showed the opposite effect for no-odor, since this neutral condition was rated as significantly more intense after high cognitive load (M = 27.95; SD = 18.35) as compared to low cognitive load (M = 20.197; SD = 14.24 ). The intensity ratings of high-caloric food odors did not differ significantly between the different cognitive load conditions (low: M = 69.83; SD = 15.67, high cognitive load: M = 70.69; SD = 13.33).
The data confirming the accuracy of the cognitive load task exhibited a highly significant effect of cognitive load on task accuracy (z = −3.666, P < 0.001; Figure 2B ). Participants performed better during the identification of consonants/consonant combinations in the low (Median [Mdn] = 97.92% correct) compared to high cognitive load condition ([Mdn] = 86.46% correct).
SCR and sniff size data
We found an influence of cognitive load on SCR data, with significantly higher SCR values after high (M = 0.099 µS, SD = 0.058 µS) compared to low (M = 0.083 µS, SD = 0.05 µS) cognitive load [F(1, 15) = 6.903, P = 0.019; Figure 2D ].
We found no effect of odor [F(2, 38) = 1.798, P = 0.180] or cognitive load [F(1, 19) = 0.150, P = 0.703] on sniff size and likewise no interaction effect [F(1.557, 29.577) = 2.289, P = 0.129] on sniff size ( Figure 2C ).
fMRI data
The main effect of odor revealed bilateral activation in the olfactory areas pirC, OFC, and insula (P < 0.05 family wise error [FWE] corrected; Figure 3A , Table 2A ). The main effect of cognitive load showed bilateral activation of Brodmann's area (BA) 7A in the superior parietal lobule (SPL) and area hlP3 in the intraparietal sulcus (IPS), as well as activation in the pre-supplementary motor area (pre-SMA) and in the left BA 2 and BA 44 (P < 0.05 FWE-corrected) ( Figure 3B , Table 2B ). ). Higher cognitive load influences low-caloric food odor and no-odor perception significantly. The intensity ratings of low-caloric food odors decreased under high compared to low cognitive load. In contrast the intensity ratings increased for the no-odor condition (A). Higher cognitive load leads to a significantly decreased accuracy of memorized consonants/consonant combinations (B). There was no influence of cognitive load or odor category stimulation on sniff size data found (C). A higher cognitive load resulted in an increased SCR (D). * indicates P < 0.025 in A and P < 0.05 in B and D.
Using an FWE-corrected significance threshold, we were unable to find any clusters showing an interaction of cognitive load and odor category. Reducing the significance threshold to 0.01 uncorrected revealed significant clusters in bilateral superior frontal gyrus (Area Id1, TE 1.2), right parietal sulcus (IPS, Area hlP), right inferior frontal gyrus (IFG, BA 45), left middle frontal gyrus and left superior temporal gyrus (Area TE 1.2) found for the interaction between cognitive load and high-caloric food odors uncorrected (P < 0.001) (Table 2C ). The BOLD percent signal change analysis showed significant differences in the olfactory areas pirC and OFC signal changes following high cognitive load (cognitive load effects for bilateral pirC and OFC; Table 3, Figure 4 ). The activation in bilateral pirC and OFC was significantly decreased during low-caloric food odor perception after high cognitive load stimulation (pirC left: P = 0.012; right: P = 0.003; OFC left: P = 0.003; right: P = 0.003). The same effect was found for high-caloric food odor perception in bilateral pirC (left: P = 0.02; right: P = 0.016), but not OFC activation (left: P = 0.111; right: P = 0.175). Activation of the insula was not affected significantly by cognitive load in any of the odor categories (Table 3) . Interaction effects between cerebral activation and cognitive load were only found to be significant for the left pirC and nearly right pirC (left pirC: P = 0.037; right pirC: P = 0.095), but not significant in the OFC (left OFC: P = 0.138; right OFC: P = 0.132).
We further established a positive correlation between intensity ratings and activation following low-and high-caloric food odor perception in bilateral insula, bilateral precentral gyri (BA 4a (left), 4p) and the right middle temporal gyrus (TE 3) (P < 0.05 FWE-corrected) (Table 4A) . A negative correlation was found in the right SPL (BA 7a), left precentral gyrus (BA 44) and right middle occipital gyrus/inferior parietal lobule (IPL) (P < 0.05 FWEcorrected) (Table 4B ). The positive correlation of intensity ratings with low-caloric odors perception revealed bilateral insula and bilateral BA 3b and 4p activation (P < 0.05 FWE-corrected) (Table 4C ) whereas a negative correlation was shown in right SPL (BA 7A, P) and left IFG (BA 45/44) activation (P < 0.001 uncorrected) ( Table  4D ). The positive correlation of intensity ratings and high-caloric food odor perception showed activation in right middle temporal gyrus, left insula, and right IPL and the negative correlation in the left IFG (BA 45 and 44) (both, P < 0.001 uncorrected) (Table 4E, F).
Discussion
Low-caloric food odor perception is decreased by cognitive load
In this study, we aimed to shed light on the influence of cognitive load on olfactory perception at the behavioral, as well as structural level. For each region and odor condition the difference between low and high cognitive load was tested. Percent signal change was extracted from the cluster maxima of an odor versus no-odor contrast ( Figure 3A ). P = P-value; SEM = standard error of the mean; F = F statistic; n.s. = not significant with P > 0.9. *Significant result with P < 0.05.
Similarly to a previous study during which gustatory basic stimuli were rated less intense after high compared with low cognitive load (van der Wal and van Dillen 2013), our results reveal a difference in olfactory perception under cognitive load. Furthermore, this difference is dependent on the caloric density of the food. The significant results in the odor category and cognitive load main effects, as well as their significant interaction effect, indicate a difference in olfactory perception of odor categories based on cognitive load. The intensity ratings for low-caloric food odors are decreased under high cognitive load as compared to low cognitive load. The highcaloric food odor perception is less influenced by cognitive load as a distraction. One explanation for this fact is that high-caloric food is preferred and therefore not underrated during high cognitive load due to elevated cerebral function and the consequential increased energy consumption through the task demands (Berridge 1996) . This would imply that not only the limited attentional resources, which are disadvantageous for sensory input (Yantis 2000) , to be responsible for the differences in food odor perception, since perception of high-caloric food odors was not decreased under high cognitive load. Our results also support the hypotheses in previous gustation studies that increased cerebral energy demand through a task (Berridge 1996) is associated with an increase in food intake (Braude and Stevenson 2014) and a preference for a higher concentration of sugar (van der Wal and van Dillen 2013) under cognitive distraction or a task. In our study, not only are the intensity ratings under high cognitive load increased for odors, but also for noodor. Since the high cognitive load demanded increased attentional resources, this increase in intensity rating of the no-odor stimulus might be a result of their uncertainty if a food odor or no-odor was presented, leading to a higher rating. Additionally, there are no significant differences in any of the pairwise comparisons after Bonferroni corrections for multiple comparisons in either the pleasantness ratings between the odors or the odor categories found. The difference in intensity between caramel and chocolate odors does not lead to a different intensity perception between the low-and high-caloric food odor categories. The evaluation of healthiness, caloric content, and edibility of the odors reveal the low-caloric food odors to be recognized as healthier, with lower caloric content but having the same perceived edibility as the high-caloric food odors. With these results, we can eliminate a possible influence of one specific odor on the results of our study and indicate them to belong to the respective odor categories. The influence of cognitive load on signal intensity change in olfactory areas (M and standard error of the mean (SEM)). Percent signal change was extracted from the cluster maxima of an odor versus no-odor contrast ( Figure 3A ). Higher cognitive load decreases the activation of piriform as well as OFC significantly during low-caloric food odor perception. While there are clear tendencies for a similar effect in bilateral pirC during high-caloric food odor perception, there are no such effects or tendencies in bilateral OFC (Table 2) . Cognitive load did not significantly change activity in bilateral insula. * is considered as significant with a P-value <0.05.
Response accuracy and SCR verify the effectiveness of the cognitive load task, negating influence of breathing behavior on odor perception and cognitive load
The effectiveness of the cognitive load task is verified by accuracy differences, meaning participants make more mistakes, in high compared to low cognitive load conditions ( Figure 2B ). Furthermore, our SCR data analysis reveals our chosen cognitive load task to be reliable in delivering the appropriate cognitive load, with the high cognitive load stimulation to be more demanding than the low cognitive load stimulation. This is seen as significantly increased SCR values in response to high compared with low cognitive load conforming to our hypothesis based on the effect Shimomura et al. (2008) . Analysis of the sniff size data reveals no-odor category or cognitive load dependent influence on breathing behavior. This result shows the effects of cognitive load on odor intensity perception not to be influenced by the breathing pattern.
Odor perception evokes activation of typical olfactory areas, with significantly decreased pirC and OFC activity during high cognitive load Our fMRI data reveal a main effect of odor to be bilateral activation of the pirC, OFC, and insula ( Figure 3A , Table 1A ). The pirC is commonly considered the secondary olfactory area, whereas the neocortical regions, the OFC and insula, are considered tertiary olfactory structures (Freiherr et al. 2013; Albrecht and Wiesmann 2006; Moessnang and Freiherr 2012; Seubert et al. 2013a ). The pirC is not only responsible for the basic functions of odor processing, for example, odor detection, but also for higher cognitive tasks, such as odor discrimination, identification, and the perception of odorous objects in a sensory-associative way, including odor memory (Royet and Plailly 2004; Gottfried 2010) . Additionally, the activity of frontal pirC seems to be influenced by attention (Zelano et al. 2005) . Odor intensity and valence evaluation are processed differently, with pirC involved in intensity (Mainland et al. 2014 ) and OFC in valence evaluation (Anderson et al. 2003; Rolls 2008; Rolls et al. 2008) . Nevertheless, pirC and OFC are both involved in smelling and odor identification (Kjelvik et al. 2012) . The insula was shown to not only be involved in odor intensity evaluation (Savic et al. 2000) and discrimination (Plailly et al. 2007 ), but also in interaction with other sensory input (Lundström et al. 2010) . Therefore, an increase of pirC and insula activation is common during odor presentation in an odor intensity evaluation task (Savic et al. 2000; Rolls 2008; Rolls et al. 2008) , which we applied in our experimental design. The OFC is necessary for conscious odor perception (Li et al. 2010) and accordingly was active during the consciously performed odor evaluation task.
The results of the BOLD percent signal change analysis (Table 3 , Figure 4 ) reveal a decrease in pirC activation in the high compared with the low cognitive load condition during low-and high-caloric food odor perception, whereas the decrease in OFC activation was only significant during low-caloric food odor perception. These results, in accordance with our behavioral results, show the impact of cognitive load on low-caloric food odors to be higher than on high-caloric food odors. As the OFC is responsible for conscious odor perception (Li et al. 2010 ), a decrease in activation results in a decrease of consciously perceived intensity. Insula activation does not change significantly between low and high cognitive load for neither odor category, which can be explained by the region of interest selected based on odor main effect. Patients with decreased odor intensity ratings showed evidence for the important role of pirC in normal odor perception (Suzuki et al. 2001; Cerf-Ducastel and Murphy 2003; Wang et al. 2005) . Our results in healthy, normosmic participants under cognitive distraction show similar results in behavioral and BOLD signal change data for pirC activity between the cognitive load conditions. Furthermore, our findings reveal the importance of the OFC for conscious odor perception and evaluation, as low-but not high-caloric food odors were perceived as significantly less intense under cognitive distraction with diminished OFC activity. The significantly reduced OFC activity during lowcaloric food odor perception is similar to the results found in olfactory impaired patients, where decreased taste intensity was caused by a reduced OFC activity (Gagnon et al. 2014 ).
Attention and motor planning areas are active during cognitive load and the interaction effect reveals additional activity in primary auditory areas
The significantly active cerebral clusters seen in the main effect of cognitive load are typical for cognitive tasks involving memory. Working memory usually involves the dorsolateral prefrontal cortex (DLPFC), including BA 44. Further, DLPFC and pre-SMA are both involved in task demands and attention to sensory inputs (Mayer et al. 2016 ). The DLPFC is especially active during tasks with a delayed response and is responsible for directing attention to an internal representation and developing motor plans (Curtis and D'Esposito 2003) . The pre-SMA/SMA is not only needed for motor functions, but has also shown increased activation in a task-switch paradigm (Dove et al. 2000) . Our paradigm included a task-switch from consonant memorization to odor intensity evaluation. BA 44 is, amongst other areas, needed for motor planning and therefore renders an executive function. Further, BA 44/45 within the dominant hemisphere, usually the left, is assigned as Broca's area and essential for language motor functions and repetition (Dronkers et al. 2007 ). This area is active in our study as a response to the presentation of letters for memorization. As participants had to fixate on the screen while performing the experiment, bilateral BA 7A and hlP3 activation can be explained as essential requisites for gaze orientation and shifting of both eyes (Hillen et al. 2013) . Additionally, area hlP3 is part of the IPS (Scheperjans et al. 2008) and is, amongst other areas, involved in attention, visual-motor coordination, motion processing, spatial and nonspatial working memory and task switching (Culham and Kanwisher 2001) , which can explain the activation observed during our task. Furthermore, the IPS might be involved in the visual component of our cognitive load task and its top-down attentional selection, as well as multisensory integration processes (Corbetta and Shulman 2002; Mayer et al. 2016) . BA 2 is part of the somatosensory cortex and represents movement of the hand and fingers (Penfield and Boldrey 1937; Martuzzi et al. 2014) . Our participants were right handed and had to answer the consonant recall and odor intensity evaluation, both following the odor presentation, using a keyboard. Thus, there is a left hemispherical BA 2 activation that can be interpreted as motor planning processing. In summary, the activation of the left pre-SMA and left BA 2 are increased because the motor planning of the response hand movement seems to demand more attention during high cognitive load and odor processing. The interaction effect of cognitive load and high-caloric food odors reveal the bilateral primary auditory cortices (Morosan et al. 2001; Eickhoff et al. 2007 ) to also be involved in cognitive load tasks in addition to the areas hlP and BA 45 (Culham and Kanwisher 2001; Dronkers et al. 2007; Mayer et al. 2016 ).
Negative correlation of fMRI and behavioral data reveal areas related to cognitive load
The multiple regression analysis of intensity ratings and functional data reveals a positive correlation between behavioral and fMRI data showing bilateral insula and BA 3 and 4 to be more active when odors are rated as higher in intensity. Behavioral data are negatively correlated with activity of the same brain areas revealed to be active in our cognitive load main effect (SPL, IFG, IPL, BA 7, 44, and 45), proving them to be less active with higher intensity ratings. Those effects are particularly evident in the multiple regression analysis of both odor categories together and the low-caloric food odors (FWE-corrected), but not with the high-caloric food odors (0.001 uncorrected). Since the intensity ratings of the high-caloric food odors do not differ between the cognitive load conditions, the results of the high-caloric food odor multiple regression are to be interpreted with caution. Nevertheless, the results show the activity of the insula, BA 3 and BA 4 to correlate with higher intensity ratings, which equals the condition of low-caloric food odors with low cognitive load. BA3 is part of the somatosensory cortex (Geyer et al. 1999 ) and BA 4 is defined as the primary motor cortex (Penfield and Boldrey 1937) , which can also be active during motor imagery (Sharma et al. 2008) . Both areas seem to play a role in cognitive load dependent odor perception.
The multisensory aspect of flavor perception demands further research in the fields of both, olfaction and gustation Olfactory and gustatory perception share several brain areas, in particular for integration purposes, for example, the OFC (Rolls 2008) , insula (Small and Prescott 2005) , amygdala, hypothalamus, hippocampus, and mediodorsal thalamus (Lundström et al. 2011 ). Thus far, the effect of cognitive load on the processing of taste stimuli remains unknown, as current taste studies have only revealed the effects of cognitive load on a behavioral level, but not neuronal.
Additionally, the effects of cognitive load on taste in previous studies were examined perceptually, using the basic tastes sweet, salty and sour, but not complex (food) tastes (van der Wal and van Dillen 2013), thus results might not correctly reflect real-life situations. Therefore, future research should focus on the neuronal effect of cognitive load on the perception of complex food tastes.
People with an impaired sense of smell tend to develop obesity (Mattes et al. 1990; Fernández-Aranda et al. 2016) which is known to have extensive consequences on overall health. Based on our results, an impaired sensation of smell can be induced by cognitive distraction. Since flavor perception is a multisensory process (Rolls 2005; Small and Prescott 2005; Verhagen and Engelen 2006) , and the fact that olfaction is even more important for flavor perception than taste (Murphy et al. 1977; Spence 2015) , our results expand upon the current understanding of flavor perception in that distractions also influence the perception of food odors. In previous findings on taste perception, in which participants chose a higher grenadine syrup concentration under high cognitive load conditions (van der Wal and van Dillen 2013) and ate more to compensate for the induced distraction, which can be inferred with impaired taste (Braude and Stevenson 2014) , can be complemented just with caution. To the best of our knowledge, our results unveil a novel and basic understanding of the influence of cognitive load on food odor perception. Thus far, comparable taste studies utilizing cognitive distractors have only used the basic tastes in gustatory perception investigation.
Limitations
Despite using multiple categories of food odors, the implications of our study are still limited by the fact that the results are based on just 4 odorants ("apple," "orange," "chocolate," and "caramel"), making it difficult to draw strong conclusions for food odors in general. Even though the memory task used was shown to induce cognitive load, the task differs greatly from cognitive distractors occurring in our daily lives. While our findings are important when investigating the underlying principles of cognitive distraction, future studies aiming to investigate human behavior should use tasks that better simulate real-life situations, such as watching TV-advertisements or movies.
In our study, we did not investigate food choices, but clarified some of the basics underlying the olfactory component of it, enabling future studies about food choice. Further studies should investigate how the decrease of taste and smell intensity during cognitive distraction influences food choice, more specifically by using the same food taste and odor pairs. This could shed light on why unhealthy, high-caloric foods are preferred from a chemosensory perceptual standpoint, by including healthy food stimuli with increased taste and odor intensities. Such a study could reveal the influence of olfactory and gustatory intensities of healthy and unhealthy food on the perception of flavor or even support the influence of the brain reward system in a top-down manner on food choice by caloric content.
In order to investigate and infer connections between the brain areas of the chemosensory senses, the method of psychophysiological interaction or other cortical network analysis approaches should be considered. This also applies for studies in olfaction and gustation.
Since the state of satiety versus hunger changes the processing of high-versus low-caloric food pictures by showing increased activity in response to high-or low-caloric food pictures (Siep et al. 2009 ), a similar influence of satiety might be found for low-and high-caloric food odors. Therefore, satiety as an important factor, or covariate, should not be neglected in future studies. A questionnaire could be performed to characterize the exact state of hunger/satiety, including the general content of participant nutrition to generate new covariates of interest. Additionally, participants within different body mass index (BMI) groups (<18.5, 18.5-25, >25, >29 kg/m 2 ) (Nelson et al. 2014; The GBDOC et al. 2014) ) to define uninfluenced basic responses and establish a foundation for the design of such further studies. In particular, the number of participants for each group should be high enough to be able to answer such a complex and important question.
Conclusions
In summary, the decrease in the intensity of perception of low-caloric food odors during high cognitive load, corresponds with a decrease in pirC and OFC activity. These results reveal neuronal activity during cognitive distraction comparable to olfaction in olfactory impaired patients and elderly. The underlying neuronal processes remain unclear in taste. Future studies should focus on both smell and taste to clarify the role of cognitive distraction and the influence on food choices in accordance to flavor perception from the chemosensory standpoint, as well as using more realistic distraction scenarios like TV watching.
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